Abstract-Growing evidence suggests that adverse childhood experiences (ACEs) increase the risks for coronary heart disease and hypertension in mid and late adulthood. We previously reported that early life stress induces a hyperreactive endothelin-dependent cardiovascular phenotype in a rat model. In the present study, we evaluated whether exposure to ACEs is associated with greater peripheral resistance, arterial stiffness, blood pressure, or elevated circulating endothelin-1 levels in humans. In 221 healthy adolescents and young adults (mean age, 21 years; range, 13-29 years), we found a graded association of ACE exposure with plasma endothelin-1 levels, of which on average 18% and 24% were higher in participants with 1 ACE and ≥2 ACEs, respectively, compared with those with no ACEs (P=0.001). Participants with moderate/severe exposure to ACEs (≥2 ACEs) had significantly higher total peripheral resistance index (+12%), diastolic blood pressure (+5%), and pulse wave velocity (+9%) compared with those who were not exposed. These associations were independent of age, race, sex, body mass index, and childhood socioeconomic status. 
C hildhood adversity, characterized by abuse, neglect, and household dysfunction, is a national problem that exerts a significant impact on individuals, families, and society. 1, 2 Growing evidence suggests that traumatic experiences in childhood are associated with health decline in adulthood. 3 The first large-scale adverse childhood experience (ACE) study and subsequent studies have found that exposure to ACEs increased the incidence of ischemic heart disease, autoimmune disorders, and premature mortality. [4] [5] [6] More recently, another large longitudinal study of >60 000 women suggested that childhood maltreatment increased later risks for diabetes mellitus and hypertension. 7, 8 In addition, studies in Finland have found that children who were evacuated abroad temporarily without parents during World War II had higher risks for coronary heart disease and hypertension in late adulthood. 9 These epidemiological studies, as well as a recent meta-analysis, 10 indicate that poor health outcomes in adulthood may stem from nonoptimal growth and exceptional conditions during early life. However, the underlying mechanisms remain unclear.
Animal studies have found that rodents separated from their mothers during the hyporesponsive period, a widely used model to manipulate early life stress (ELS), displayed alterations of the central nervous, endocrine, and immune systems as adults. [11] [12] [13] Most recently, a study from our group using this maternal separation model in rats indicated that ELS increased basal endothelin-1 levels as well as blood pressure (BP) reactivity through the endothelin-1 pathway.
14 Endothelin-1, an endothelium-derived peptide, is a potent endogenous vasoconstrictor and exerts its major effect on BP and basal vascular tone through endothelin A and endothelin B receptors. 15 Exaggerated endothelin-1 levels have been linked to several biological activities, including elevated BP, decreased cardiac output (CO), and increased pulse wave velocity (PWV), a measure of arterial stiffness. 16 However, the role of ELS on circulating endothelin-1 levels and systemic hemodynamic parameters has not been examined in humans.
We hypothesized that ACEs are associated with detrimental hemodynamic parameters and elevated plasma endothelin-1 levels in adolescents and young adults. In the present study, we tested this hypothesis by determining whether exposure to ACEs is associated with plasma endothelin-1 levels, BP, total peripheral resistance (TPR) index, CO index, or PWV in a 2
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cohort of adolescents and young adults. We further evaluated whether circulating endothelin-1 levels may be a mediator between ACEs and vascular or cardiac dysfunction.
Methods

Participants
The present study comprised participants from a longitudinal cohort that was established in 1989 to study the development of cardiovascular risk factors. 17 It included similar number of black and European American (EA) youth with evaluations conducted annually from visits 1 to 13 and every 2 years from visits 13 to 16. All the participants were recruited from the Southeastern United States and were overtly healthy, free of any acute or chronic illness, and not taking any prescription medications based on parental or selfreport. Study design, selection criteria, and the criteria to classify participants as blacks or EAs for the longitudinal study have been described previously. 17 The Institutional Review Board at the Medical College of Georgia had given approval for the study. Informed consent was provided by all participants or by parents if participants were <18 years of age. With the exception of ACE assessment, which was conducted on visit 15, all the other measurements used in the current study were from visit 12. There were 537 participants recruited at visit 12, and basal plasma endothelin-1 levels were measured in 322 of these participants, as well as the PWV and hemodynamic measurements. At visit 15, the participants were >19 years old, and their exposure to ACEs during the first 18 years of life was assessed. Of the 322 participants, 232 were followed up at visit 15 and 221 of them answered the ACE questionnaire. In total, there were 221 participants who had both measurements of endothelin-1 and ACE assessments, including 112 EAs (61 men and 51 women) and 109 blacks (44 men and 65 women). Compared with the participants excluded (n=316) who had missing values of either endothelin-1 or ACE assessments, the participants included in the present study (n=221) showed no differences in demographics, including age, sex, and ethnicity.
Hemodynamic Measurements
At visit 12, on arrival at the laboratory, the participant was escorted to a quiet, temperature-controlled room where anthropometric data and hemodynamic measures were obtained by using established protocols. 18 The participants were then instrumented for the recording of BP (Dinamap; model 1864 SX) and CO (impedance cardiography; BioZICG Monitor; CardioDynamics, San Diego, CA). CO was indexed by body surface area (ie, CO index). TPR index was calculated as mean arterial pressure/CO index expressed in Wood units (mm Hg/L per minute per m 2 ). After attachment of the BP cuff to the right arm, the participant was asked to lie on a bed in supine position. The left elbow was stabilized with an armboard; a 21-gauge butterfly needle was inserted into the antecubital vein, and a 3-way plastic stopcock was attached. One milliliter of 0.9% saline was infused at 2-to 3-minute intervals to help maintain patency. Immediately after the needle was inserted, a 5-mL blood sample was drawn, transferred to a 10-mL prechilled EDTA tube vacutainer, and maintained on ice. Basal plasma endothelin-1 levels were determined using this blood sample. Then the participant was given standardized instructions to relax as completely as possible for 15 minutes. Hemodynamic measurements were taken at 11, 13, and 15 minutes, and the average of the 3 measurements was used.
Measurement of PWV
Aortoradial (radial) PWV was measured noninvasively with applanation tonometry (Millar Instruments) and analysis software (SphygmoCor; AtCor Medical, Sydney, Australia). 19 Pressure waves were recorded at the common carotid and radial arteries for radial PWV. PWV was then automatically calculated from measurements of pulse transit time and the distance traveled by the pulse between the 2 recording sites: PWV=distance (m)/transit time (seconds).
Plasma Endothelin-1 Measurement
Basal concentrations of plasma endothelin-1 were determined with ELISA (QuantiGlo; R&D Systems, Minneapolis, MN) according to the manufacturer's instructions except that the standard curve was limited to a maximum of 6 pg/mL. The reported cross-reactivity of the antibody was <0.02% for all big endothelins, 7.8% for endothelin-3, and 27.4% for endothelin-2. Samples were thawed at room temperature, inverted 3×, and centrifuged for 5 minutes at 1500g at 4°C. All samples and standards were processed in duplicate. Unknown sample data were fitted to a standard curve with commercially available software (Prism 2.0; Graph-Pad Software, San Diego, CA). The intra-assay variability was 4.2%.
Assessment of Childhood Socioeconomic Status
Childhood socioeconomic status (SES) was indexed by father's education level, because this measure remained highly stable across the years of this longitudinal cohort and was available for all participants used in the present study. We used the father's education as measured at the midpoint of visits 1 to 12 as a representative for the whole study period. Father's education was measured in years on a 7-point scale that ranged from less than high school to postgraduate education and was subsequently divided into 3 categories: low (<12 years), medium (≥12 and <16 years), and higher (≥16 years). Although not available in all participants (with 9 missing values), we also calculated Hollingshead Four-Factor Index of Social Status 20 on the basis of parental education level and occupation, with a higher value indicating a higher SES.
Assessment of ACEs
The assessment of participants' exposure to ACEs covered the first 18 years of their lives. We adapted the questions used in the ACE study. 5 This questionnaire consists of 28 items divided into 3 categories and 10 subscales, including childhood abuse (emotional, physical, and sexual), neglect (emotional and physical), and growing up with household dysfunction (substance abuse, mental illness, domestic violence, criminal household member, and parental marital discord). The definition and score of ACEs have been described in Table S1 in the online-only Data Supplement. The ACE score (number of 10 ACE subscales reported) was used to assess the cumulative effect of multiple ACEs, by classifying respondents into 3 groups: no exposure (0 ACE; n=67), mild (1 ACE; n=62) exposure, and moderate/severe (≥2 ACEs; n=92) exposure. Endothelin-1 levels or hemodynamic variables in the participants were not examined until after obtaining ACE scores.
Statistical Analysis
All analyses were done using STATA software. Plasma endothelin-1 levels, BP, CO index, and TPR index were log-transformed to obtain a better approximation of the normal distribution. The difference of prevalence of ACE scores between sexes and races was examined by using the χ 2 test. Linear regression models were used to estimate the associations of ACE scores with endothelin-1 levels, BP, CO index, TPR index, and PWV. Ethnicity and sex differences were further tested by including the interaction of ACE scores with race and sex, respectively. The relationships of endothelin-1 levels with hemodynamic measures and PWV were also examined by using partial correlation analyses. The potential mediation effect of endothelin-1 was examined by using the Sobel test. 21 Covariates in all models included age, sex, race, body mass index (BMI), and father's education at visit 12.
Results
The mean age (±SD) of participants at visit 12 was 21.3±2.84 (range, 13.2-29.5) years. The Table presents the general characteristics of the participants by ethnicity and sex. Blacks had significantly greater BMI and lower childhood SES compared with EAs. Men had higher plasma endothelin-1 levels compared with women. In both sexes, blacks had significantly higher systolic BP, diastolic BP (DBP), TPR index, and PWV compared with EAs. Compared with EAs, blacks had lower CO index. The prevalence of each individual ACE subscale is shown in Figure 1 , with the lowest prevalence of physical neglect (5.88%) and the highest prevalence of parental marital discord (36.7%). Overall, ≈70% of participants reported ≥1 ACE, with ACE count categories 1 and ≥2 representing 28.1% and 41.6%, respectively (Table S1 ). As shown in Figure 2 , the prevalence of ACE scores was not significantly different between sexes and races, although black men had a slightly higher, but not significant, prevalence (75%).
Exposure to ACEs was significantly associated with plasma endothelin-1 levels, DBP, CO index, TPR index, and radial PWV, but not with systolic BP. Figure 3 depicts a graded association of ACE scores with plasma endothelin-1 levels, of which on average 18% and 24% were higher in participants with 1 ACE and ≥2 ACEs compared with those with no ACEs (P=0.001). The participants in 2 exposure groups also showed 3% and 12% higher TPR index compared with those with no ACEs (P=0.002). The participants with ≥2 ACEs had significantly higher DBP (5%) and PWV (9%) compared with those who were not exposed, but lower CO index (8%). After controlling for covariates, these associations were attenuated but still significant for endothelin-1, DBP, TPR index, and PWV ( Figure 3 ). Further adjustment for Hollingshead scores instead of father's education for childhood SES did not change the results. There were no significant interactions of ACE scores with sex and ethnicity on these measurements, indicating that exposure to ACEs had similar effect on endothelin-1 levels and hemodynamic parameters in men and women, as well as in blacks and EAs.
We did not observe the associations of endothelin-1 with DBP and PWV. However, plasma endothelin-1 levels were significantly associated with TPR index (partial R=0.15; P=0.027) and CO index (partial R=−0.15; P=0.033), after adjusting for covariates (Figure 4 ). The mediation model showed that the associations of ACE scores with TPR index and CO index were partially mediated by endothelin-1 (19% and 25%, respectively), although the Sobel tests were borderline-significant (P=0.067 and 0.074).
Discussion
The major findings of this novel study revealed that exposures to ACEs were associated with increased circulating endothelin-1, DBP, TPR index, and PWV in healthy adolescents and young adults. These observations indicate that ELS in humans promotes cardiovascular disease (CVD) risk, specifically detrimental vascular and cardiac function, detectable during young adulthood.
ELS and Adult CVD Risk
Recent retrospective and prospective studies have demonstrated ELS as a factor predisposing to coronary heart disease and hypertension in adulthood. For instance, the study by Dong et al 5 included men and women 56 years of age on average and found a dose-response relationship of ACEs to self-reported coronary heart disease. Similar association was observed between childhood abuse and CVD events in a longitudinal cohort of women 43 to 60 years of age. 7 The same study also reported that women exposed to severe physical or sexual abuse before the age of 18 years were more likely to develop hypertension. 8 In our study of youth and young adults aged 13 to 29 years, higher DBP, TPR index, and PWV were observed in participants with moderate/severe exposure to ACEs compared with those with no ACE exposure. Efficient functioning of the vasculature is an essential component for cardiovascular health, and vascular dysfunction is linked to the cause and pathophysiology of CVD. 15 Elevated BP maintained by increased TPR has been associated with increased risk for cardiovascular events and death in both normotensive and hypertensive individuals. 22 Higher PWV, indicating greater aortic stiffness, has also been recognized as an independent risk factor for coronary heart disease, stroke, CVD mortality, and recently reported as a possible causative mediator of hypertension. [23] [24] [25] [26] [27] Future studies will be designed to examine the relationship of higher PWV and BP in this longitudinal cohort. Our novel findings indicate that these cardiovascular risk factors and probable mediators were observed in early 20-year-olds with moderate to severe ACEs. Several mechanisms underlying these associations have been proposed, including the hypothalamic-pituitary-adrenal axis and inflammation. Former childhood war evacuees had altered responsiveness of the hypothalamic-pituitary-adrenal axis to psychosocial stress in late adulthood. 28 Altered cortisol responses have also been observed among children exposed to violence. 29 Other studies have reported that adults exposed to childhood maltreatment had elevated levels of inflammation biomarkers. [30] [31] [32] These findings are supported by experimental evidence in animal models, in which greater hypothalamic-pituitary-adrenal axis reactivity to stress 33 and vascular inflammation 34 were found in pups separated from their mothers compared with normally reared pups.
ELS, Endothelin Pathway, and Hemodynamic Variables
In the present study in humans, we observed an association between ELS and plasma endothelin-1 levels. It is well known that endothelin-1 is a potent vasoconstrictor in the cardiovascular system. 35 Endothelin-1 also has inotropic 36 and proinflammatory properties 37 and stimulates plasma pituitary hormones. 38 Dysregulation of the endothelin pathway is considered to occur early during the development of atherosclerosis and vascular complications. Elevated plasma endothelin-1 levels have been found in patients with coronary heart disease, heart failure, renal disease, and pulmonary arterial hypertension. 15 These studies, including ours, 14 have suggested that the endothelin pathway may underlie the link between ELS and later development of CVD.
Most recently, our study in rats 14 suggested that maternal separation, a rodent model of ELS, induces increased circulating endothelin-1 levels strikingly similar to the humans exposed to adversity early in life as observed in our current study. We also demonstrated that maternal separation induces downregulation of endothelin B receptors in the vasculature. Thus, we propose that downregulation in endothelin B receptors results in dysfunctional clearance of endothelin-1 and increased circulating endothelin-1 levels. Furthermore, we showed that the rats exposed to ELS demonstrated an enhanced pressor response to acute air jet stress that was blunted with endothelin receptor blockade. Taken together, these results indicate that the enhanced plasma levels of endothelin-1 most likely exert systemic hemodynamic effects in this rat model.
Endothelin-1 is a critical regulator of hemodynamics. Infusion of endothelin-1 in healthy participants increased peripheral resistance and PWV and decreased CO, whereas endothelin receptor blockade prevented these changes. 16 We observed a positive correlation of plasma endothelin-1 levels with TPR index and a negative correlation with CO index. Mediation model indicated that the correlations between ACEs and these 2 hemodynamic variables could be partially explained by the increased endothelin-1 levels (20% to 25%). Thus, deciphering the possible mechanism(s) of elevated plasma endothelin-1 levels is of interest. Future studies are planned to explore the ELS-induced mechanism of higher plasma endothelin-1 levels, which may be related to increased endothelin-1 production, decreased clearance of endothelin-1 via endothelin B receptor dysfunction, or both.
A recent clinical trial also suggested a potential protective role of endothelin receptor blockade in patients with chronic kidney disease by reducing BP and arterial stiffness (reduced PWV). 39 However, in our study, we did not find correlations of plasma endothelin-1 levels with BP and PWV. As noted in the present study, we measured carotid-radial PWV, but not carotid-femoral PWV as measured in previous studies. Therefore, the lack of association may reflect different mechanical properties between the peripheral small vascular vessels and central aortic vessels.
The associations of ELS with plasma endothelin-1 levels and hemodynamic parameters may be confounded by covariates. Previous studies have reported ethnicity and sex differences in plasma endothelin-1 levels. [40] [41] [42] Consistently, in the present study, we observed higher basal plasma endothelin-1 levels in men than in women (P<0.05). Blacks exhibited higher endothelin-1 levels compared with EAs, but not statistically significant. Higher levels of systolic BP, DBP, TPR index, and PWV were found in blacks than in EAs (P<0.01), confirming previous findings. 19, 43, 44 However, adjustment of ethnicity and sex did not change the associations between ELS and these variables. Furthermore, no significant interactions of ACEs with ethnicity and sex were found on these measurements, indicating that ELS had similar effects on hemodynamic functions in men and women, as well as in blacks and EAs.
Previous reports showed that children with a history of physical abuse were more likely to have higher BMI as adults compared with those with no exposure to abuse. 45 The long-term health effects of low childhood SES have also been well documented. 46 Thus, the associations that we found may be confounded by BMI and childhood SES. After adjustment for these 2 factors, the associations of ELS with plasma endothelin-1 levels and hemodynamic parameters were attenuated but remained significant, suggesting that adverse experiences before the age of 18 may affect cardiovascular health in young adults through a mechanism independent of BMI and childhood SES. As noted, we further adjusted for Hollingshead score, which incorporated parental education levels and occupations, and the results were virtually unchanged. 
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Limitations of the Study
Our study has several limitations. First, similar to previous large cohort studies, the individual's experiences of childhood adversity were collected based on retrospective self-report. Because of the sensitive nature of questions about ACEs and affective problems, the responses probably represent an underreporting of their actual occurrence. However, given the established relationship between ELS and the risk of CVD development, the underreporting of adversities, if exists, should have weakened the associations we found here, not exaggerated them. Second, the plasma endothelin-1 levels, hemodynamic variables, and PWV were measured at visit 12, 6 years before the collection of the ACEs information. The cohort at visit 12 included both adolescents (age, <18 years) and young adults (age, ≥18 years). Therefore, participants reporting ACEs at visit 15 may not have been exposed to those ACEs at visit 12. Similar to the underreporting, this misclassification (nonexposure to exposure) should have weakened the associations. Moreover, only 21 adolescents (aged 13-17 years) were included at visit 12. Exclusion of these adolescents did not change the results. The plasma endothelin-1 levels were measured at only 1 time point; thus it is warranted to investigate the longitudinal effect of ELS on plasma endothelin-1 levels in the future. In addition, there are several stressors associated with the measurements, such as venipuncture and undergoing the hemodynamic testing. Although the participants were exposed to the same environment during the tests at each visit and each participant knew what to expect, there are other acute and chronic stressors that may also be present and associated with ACEs. This study was not designed to parse out these distinctions between the various types of stressors. Finally, the sample size of the present study was relatively small, which may imply effect overestimation.
Perspectives
To date, the prolonged and lasting effects of ELS have been established on the development of CVD in mid and late adulthood. Our results provide the first evidence that ELS may induce unfavorable vascular and cardiac function detectable in early adulthood. In addition, the novel findings of this study suggest that the endothelin pathway is a new potential mechanism underlying the association between ELS and cardiovascular health. The identification and prevention of vascular complications in young adults with experiences of childhood adversity may provide an important avenue for the prevention of CVD in later adult life. 
